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Interleukin-1� (IL-1�) is a cytokine within the �-trefoil family. Our
data indicate that the folding/unfolding routes are geometrically
frustrated. Follow-up theoretical studies predicted backtracking
events that could contribute to the broad transition barrier and the
experimentally observed long-lived intermediate. The backtrack-
ing route is attributed to the topological frustration introduced by
the packing of the functional loop (the �-bulge, residues 47–53) to
the nascent barrel. We used real-time refolding NMR experiments
to test for the presence of backtracking events predicted from our
theoretical studies. Structural variants of IL-1�, a �-bulge deletion,
and a circular permutation that opens the protein in the middle of
the experimentally observed kinetic intermediate, were also re-
folded and studied to determine the affects on the observed
folding reactions. The functional loop deletion variant demon-
strated less backtracking than in WT protein whereas the permu-
tation still maintains backtracking in agreement with theoretical
predictions. Taken together, these findings indicate that the back-
tracking results from geometric frustration introduced into the fold
for functional purposes.

protein folding � real-time NMR

The proteins of �-trefoil superfamily have similar native
conformations, fold slowly, and have been the subject of

numerous experimental and theoretical folding studies (1–10).
Interleukin-1� (IL-1�), a cytokine within the �-trefoil family,
has a global fold composed of a repeating trefoil unit (���loop
�-motif), forming a six-stranded �-barrel pinned by three two-
stranded hairpin turns to form a cap, closing one end of the
barrel (3) (Fig. 1 A and B). The functional loop, the �-bulge, is
located between strands 4 and 5, as depicted in Fig. 1. Experi-
mental and theoretical data show that IL-1� folds through an
on-route intermediate ensemble characterized by the protection
of �-strands 6–10 from hydrogen-deuterium exchange (11–13)
(Fig. 1 A). Real-time NMR kinetic experiments of the denatur-
ant-induced unfolding of IL-1� revealed a rugged landscape
where native-like turns were unexpectedly persistent and out-
lasted all other observed structural features (14).

Interestingly, theoretical refolding studies also indicate the
presence of a rugged, broad barrier for the folding kinetics of
�-trefoil proteins (1). Three major routes are populated during
the refolding of the �-trefoil family, two of which are observed
mostly with other members, e.g., the ends-together (FGF-1) and
the direct (hisactophilin) routes (Fig. 1C). Although IL-1� has
not been observed experimentally to fold through the N and C
termini ends-together route, we explored whether we could
facilitate folding by the ends-together route by linking the N and
C termini of WT IL-1� and introducing new terminal ends, thus
forming a circular permutation.

Simulations suggest that IL-1� folds by a unique backtracking
route not seen in other members of the family. Backtracking is
a variation in one of the populated folding routes of IL-1� in
which two subsets of contacts compete with each other, resulting
in the unfolding of one subset of native contacts and their
subsequent refolding later along the folding coordinate (1). It
has been suggested that the backtracking route occurs as a result

of the topological frustration the functional �-bulge (residues
47–53) causes during folding (2). To test this hypothesis, we
removed the �-bulge and compared the results of folding studies
for this IL-1� variant to those observed for WT and circular
permutant IL-1� proteins.

Although not routine, real-time NMR spectroscopy has been
used to follow the unfolding (14–18) and the refolding (19, 20)
of a few proteins that fold on an appropriate timescale. Given
proper conditions, rapid mixing methods to initiate folding
coupled with procedures to reduce the rate of protein folding
have made it possible to follow protein folding by NMR on a
timescale of seconds to hours, under conditions closely similar to
those used for optical techniques (21).

We used real-time NMR methods to track the refolding of WT
and mutant IL-1� proteins. In agreement with theoretical pre-
dictions (1, 2), we show that IL-1�, a topologically frustrated
protein, undergoes backtracking during refolding. In contrast,
the mutant protein (the bulge-less), designed to remove the
predicted major functional loop responsible for the topological
frustration (2), shows little evidence for backtracking behavior
in our studies. Taken together, our experimental results support
the hypothesis that topological frustration in folding may be
introduced by necessary functional moieties and comes at the
cost of highly efficient folding.

Results and Discussion
NMR spectroscopy is a useful tool for uncovering the presence
of heterogeneous populations representing different folding
ensembles of species during folding/unfolding of IL-1� (11, 12,
14). Although monitoring folding events using pulse-labeling
hydrogen-deuterium exchange and NMR is an effective method
for determining folding events at atomic resolution, the number
of proteins that can be probed is limited by the necessity of
having sequence-specific resonance assignments and whether
the protein can tolerate the necessary sudden changes in pH for
pulse-labeling. Oftentimes, aggregation is a problem, even for
proteins that are well behaved at neutral pH (22). To circumvent
this problem, we chose to monitor refolding in chaotropic
conditions where minimal aggregation occurs and the native fold
remains intact. Fig. 2 is a heteronuclear single quantum coher-
ence (HSQC) spectrum of WT IL-1� at the completion of the
refolding experiment in our final conditions for WT and mutant
proteins. The overall chemical shift dispersion in the final
refolded conditions of 0.8 M guanidine hydrochloride (Gdn-
HCl) is consistent with a well folded protein ensemble (23).
Although fast 2D HSQC were sufficiently ‘‘quick’’ to follow
real-time unfolding, more time resolution was needed for track-
ing the folding reaction, in particular, for detecting the presence
of backtracking. Hence, we used 1D versions to gather more time
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points on a given time scale. Using 15N-enriched proteins, we
reduced spectral complexity by selecting for amide protons
whose chemical shifts reflect the local secondary structure and
tertiary contacts of a given amide proton.

Unfolded protein was rapidly introduced in conditions that
strongly favor the formation of the native protein and reduce the

rate of protein folding to a timescale of tens of minutes, to follow
refolding by NMR spectroscopy. Once refolding was initiated,
backbone amide proton resonances were monitored by the 1D
heteronuclear equivalent of a refocused Insensitive Nuclei En-
hanced by Polarization Transfer (INEPT) 1H-15N experiment
(see Materials and Methods). The spectral data resulting from
serial acquisition of 1D INEPT spectra during refolding are
presented for all IL-1� variants in Figs. 3 and 4. The specific
backbone amide proton resonances for residues Asn-119, Asn-
102, and His-30 of WT IL-1� are highlighted (labeled or
indicated) in Fig. 3A. These signals are well resolved and easy to
follow over time. The signals appear early during the refolding
reaction, followed by fluctuations in intensities over time, until
the peak intensities stabilize to those observed for the native
protein under the final conditions. This behavior is consistent
with the predicted backtracking route from theoretical studies
(Fig. 1B) in which a subset of the ensemble exhibits a rearrange-
ment within the protein of some of the native contacts along the
folding trajectory, causing specific contacts to unfold and refold
before the refolding process can be completed (2). This rear-
rangement has a noticeable effect on the signal intensity of the
peaks and is thought to occur in the vicinity of the functionally
important �-bulge of IL-1� that is not present in the other family
members, even in the highly conserved IL-1� receptor antago-
nist protein, IL-1ra.

A similar region of the spectrum is given for the �-bulge-less
variant in Fig. 3B and for the circular permutation in Fig. 3C. The
series of 1D 15N-HSQC spectra with resonances for Asn-119,
Asn-102, and His-30 for the bulge-less variant (Fig. 3B) gradually
appear and peak intensities increase and then plateau over time.
There are significantly reduced fluctuations in intensities com-
pared to those observed for the WT protein (Fig. 3A). In
contrast, the fluctuations persist in the circular permutant
protein (Fig. 3C). We attribute these noticeable differences to
the backtracking route (1, 2) in which unfolding and refolding of
local contacts alter the intensities of the peaks, generating visible
differences in the spectra. It is important to note that the
appearance and disappearance of the native-like contacts seen in
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Fig. 1. Representations of the IL-1� and the theoretical folding routes of
IL-1� based on simulation data in ref. 1. (A) A ribbon diagram of IL-1�

demonstrating the areas protected from hydrogen-deuterium exchange and
associated with the on-pathway folding intermediate (11). Black indicates
areas of early protection, and gray represents areas of late protection. Blue
highlights the region in the protein referred to as the �-bulge, and orange
demonstrates the location of the cut-site for the circular permutation, PM65.
(B) The backtracking route where subunit 3 (red) forms first, followed by local
unfolding in that region and formation of trefoil 2. Folding then progresses
where trefoil subunits 2 (yellow) and 3 (blue) come in, forming the barrel
followed by trefoil 1, which leads to the packing of the barrel and the cap into
the native structure. For clarity, an asterisk (*) indicates the red trefoil subunit.
(Inset) The native fold of IL-1� illustrating the location of the trefoil subunits
with the same color scheme. (C) The energy landscape of the �-trefoil family.
The proteins access one main route, initiating in the middle and one flanking
trefoil. Nuances of topology or energetics may cause the early packing of the
core to be problematic, which would result in the main route being less
favorable and two other routes, previously unfavorable, to be accessed. One
of these routes brings the distal ends of the protein together first and one
backtracks.
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Fig. 2. Representative 1H-15N HSQC spectrum of the final fold of WT IL-1� in
0.8 M Gdn-HCl. A 1H-15N HSQC spectrum of refolded IL-1� in 0.8 M Gdn-HCl at
the completion of the refolding reaction is shown. IL-1� was unfolded in 3 M
Gdn-HCl, pH 5.4 overnight at 4°C. The refolding reaction was initiated by
dilution to a final protein concentration of �11 mg/ml and 0.8 M Gdn-HCl. The
chemical shift and dispersion of fingerprint region is indicative of intact
tertiary structure.
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WT (Fig. 3A) does not reflect the transient population and
depopulation of a common species. Rather, the contacts, al-
though native-like, represent partial disruption within a larger
ensemble of contacts in various species along the folding path-
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Fig. 3. Time-dependent 1H-15N spectral changes of similar representative
regions in WT (blue), the bulge-less construct (orange), and circular permutant
(dark red) during refolding depicting evidence of backtracking. (A) 1D spectra
of resonance peaks for WT IL-1� for residues Arg-119 at 10.18 ppm, His-30 at
10.23 ppm, and Asn-102 at 10.35 ppm. The black arrow indicates increasing
time from the initiation of refolding to the completion of the refolding. (B) 1D
spectra representing the same three amino resonances for the bulge deletion
construct for residues His-30 at 10.24 ppm and the overlapping peak of
Asn-102 and Asn-119 at 10.30 ppm. The black arrow indicates increasing time
from the initiation of refolding to the completion of the refolding. (C) 1D
spectra representing the same three amino resonances for the circular per-
mutant for residues Arg-119 at 10.18 ppm, His-30 at 10.23 ppm, and Asn-102
at 10.35 ppm. The black arrow indicates increasing time from initiation of
refolding to completion of refolding. For clarity, the orientation of the
stacked spectra is chosen for maximal clarity.
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Fig. 4. Time-dependent 1H-15N spectral changes of similar representative
regions in WT (blue), the bulge-less construct (orange), and circular permutant
(dark red) during refolding depicting global refolding. The 1D spectra of
resonance peaks for WT IL-1� (A), bulge-less variant (B), and permutant (C)
proteins between 8 and 9 ppm are shown. The black arrow indicates increasing
time from the initiation of refolding to the completion of the refolding. The
series of spectra demonstrates a simple progression of refolding as peak
intensities strengthen, illustrating the global refolding process. The orienta-
tion of the stacked spectra is chosen for maximal clarity.
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way. These disruptions allow the observation of an oscillating
appearance of contacts in a folding pathway that has an other-
wise smooth trajectory. That is, the backtracking observed
reflects a local, not global, phenomenon. Representations of the
same regions of the spectra as a function of time are character-
ized by the steady formation of resonance peaks increasing over
time. The steady progression to natively folded protein is ap-
parent for the WT and mutant proteins (Fig. 4) and correlates
with theoretical results, which suggest that only particular sub-
regions of IL-1� exhibit backtracking. Taken together with
theoretical predictions (1, 2), these results are consistent with the
relationship between the geometrical frustration introduced by
the �-bulge and the backtracking route.

Although family members may prefer a particular folding
route, small changes in solution conditions alter the associated
energies (i.e., caused by changes in pH, mutations, ionic strength,
pressure, etc.) and thus may result in proteins folding along
different paths. This feature of the energy landscape leads to a
certain robustness that still facilitates folding under diverse
situations. However, introduction of specific functional units
that lead to geometric frustration during folding can alter the
energy landscape and impede fast folding. Fig. 1C is a cartoon
representation of the energy landscape observed for the folding
of the �-trefoil family of proteins from simulated data (1, 2).
Interestingly, hisactophilin, the simplest of the �-trefoil family
proteins studied to date, folds the most efficiently and by the
direct route, where the trefoil subunits fold in progression of one
another (3–2-1 or 1–2-3). However, introduction of specific
contacts in the simulations can lead to frustration in folding, not
unlike that seen for the IL-1� protein. Because topology deter-
mines which order of contact formations leads to the native state
most efficiently, the chain connectivity and the distribution of
contact lengths can make part of the energy landscape inacces-
sible and lead to a rerouting beyond a certain point (2, 24–29).
As a result of linking the terminal ends of WT IL-1� and
introducing a new N and C termini, forming a circular permu-
tation, the refolding NMR data indicate a noticeably slower
progression to a fully refolded protein, while still sampling the
backtracking route. The presence of the route is consistent with
simulations showing that perturbations in the energetics of IL-1�
altered the dominant folding route. The overall landscape re-
mained the same but the dominant route shifted to those routes
previously less sampled (1) and suggests that protein folding
would persist if the backtracking route could be blocked. Ex-
amples of this behavior have also been seen with bovine pan-
creatic trypsin inhibitor (BPTI). Local structural rearrange-
ments have been observed during the refolding of BPTI that
contains a disulfide bond in addition to a bulge loop (30).
Alteration in the chain connectivity around the disulfide resulted
in altered folding routes, while the folding landscape remained
similar (31).

Conclusion
Theoretical data show that IL-1� refolds from an unfolded state,
sampling a unique folding route that backtracks and partially

unfolds the intermediate to accommodate the functional loop in
addition to sampling similar folding routes attributed to the
�-trefoil family. The backtracking route is attributed to the
accommodation of the functional loop, introducing a functional
aspect to the folding landscape. Disruption of the energetics of
WT IL-1� ‘‘reroutes’’ the folding, changing the sampling of the
various folding routes accessed by the protein. Removal of the
functional loop and rearrangement of the primary sequence both
alter the observed route of refolding. These experimental find-
ings indicate backtracking being observed during folding and are
in agreement with the theoretical models. This suggests that the
landscape of the funnel is robust, and that the protein is able to
fold even if the route most easily traversed is blocked by small
changes to the protein or its environment (1).

Materials and Methods
Cloning, Expression, and Protein Purification. Cloning, expression, purifica-
tion, and purity of 15N-enriched WT IL-1� and IL-1� variants followed
published protocols (14). Cloning, expression, and purification of the
deletion construct of IL-�, which has the �-bulge removed (residues 47–53)
and replaced with a three-residue turn, Lys-47, His-48, and Ser-49, was
purified in pH 6.5 buffers, following WT purification protocol. The circular
permutation of IL-1� also followed similar cloning, expression, and puri-
fication protocols as WT IL-1�.

Real-Time Refolding via NMR. 15N-enriched protein samples were unfolded in
100 mM sodium actetate-d3 (Aldrich), 3 M guanidine hydrochloride (Gdn-HCl),
pH 5.4 overnight. Refolding was initiated by dilution of the unfolded protein
solution with 100 mM sodium acetate-d3, 5% D2O to a final concentration of
0.8 M Gdn-HCl for WT IL-� and the bulge-less construct, and 0.6 M Gdn-HCl for
the circular permutation, and a final protein concentration of �4 mM. Exper-
iments were performed at 22°C.

All NMR spectroscopy on 15N-enriched IL-1�, the bulge-less and circular
permutant proteins were obtained on a Bruker DMX 500 NMR spectrometer,
equipped with a triple-resonance gradient probe. 2D 1H-15N HSQC spectra
were acquired as before (14, 32).

To acquire more data points during refolding, 1D 1H spectra were serially
acquired instead of 2D HSQC as in ref. 14. To simplify the crowded protein
spectrum, we used the 1D heteronuclear equivalent of a refocused INEPT
1H-15N experiment, which results in a spectrally edited spectrum (33). INEPT
transfers the magnetization from the 1H nuclei to the 15N and back again to
1H, resulting in a proton spectrum of only the amide protons resonances and
those of the side-chain NH2. NH2 resonance signals originating from residual
denaturant, Gdn-HCl, were reduced by a selective 180° shifted Laminar pulse.
The offset was set at �978 Hz and a Sinc1.1000 shape was used for the pulse.
Pulse amplitude or power was selected to achieve the lowest intensity for the
guanidine peak and maximize amide proton signal intensities.

Sixty 1D INEPT spectra were collected after initiation of protein refolding
with a dead time of 2 min. Individual spectrum acquisition time was 3 min, and
total run time was 182 min. Sequence-specific assignments for amide proton
resonances were based on published work (14) and 3D CBCA(CO)NH and
HNCA spectra (34). 2D 1H-15N HSQC spectra were processed with Felix 2004
software (MSI), and 1D INEPT spectra were processed with MetReC-Lite
(Mestrelab Research).
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